Surgical planners are used to achieve the optimal outcome for surgery. They are especially desired in procedures where a positive aesthetic outcome is the primary goal, such as the Nuss procedure which is a minimally invasive surgery for correcting pectus excavatum (PE) -a congenital chest wall deformity which is characterized by a deep depression of the sternum. The Nuss procedure consists of placement of a metal bar(s) underneath the sternum, thereby forcibly changing the geometry of the ribcage. Because of the prevalence of PE and the popularity of the Nuss procedure, the demand to perform this surgery is greater than ever. Therefore, a Nuss procedure surgical planner is an invaluable planning tool ensuring an optimal physiological and aesthetic outcome. We propose the development and validation of the Nuss procedure planner. First, a generic model of the ribcage is developed. Then, the computed tomography (CT) data collected from actual patients with PE is used to create a set of patient-specific finite element models (FEM). Based on finite element analyses (FEA) a force-displacement data set is created. This data is used to train an artificial neural network (ANN) to generalize the data set. In order to evaluate the planning process, a methodology which uses an average shape of the chest for comparison with results of the Nuss procedure planner is developed. Haptic feedback and inertial tracking is also implemented. The results show that it is possible to utilize this approximation of the force-displacement model for a Nuss procedure planner and trainer.
Introduction
Pectus excavatum (PE), also called sunken or funnel chest, is a congenital chest wall deformity which is characterized, in most cases, by a deep depression of the sternum ( Figure 1 ). This condition affects primarily children and young adults and is responsible for about 90% of congenital chest wall abnormalities. 1 Typically, this deformity can be found in approximately one in every 400 births and is inherited in many instances. 2 Among various PE treatments options, the minimally invasive technique for the repair of PE, often referred to as the Nuss procedure, has been proven to have a high success rate, satisfactory aesthetic outcome and low interference with skeletal growth. 2 PE patients that undergo minimally invasive surgery, report an improved ability to exercise and measures of cardiac and pulmonary function show improvement in the long term. 3, 4 The Nuss procedure starts with small bilateral incisions on the side of the torso aligning with the deepest point of the depression. Using a surgical tool, called an introducer, the surgeon opens a pathway from the incision, up between the skin and ribs then enters the thoracic cavity then down under the sternum, taking care not to puncture the lungs or heart, and, finally, back up through and over the ribs and out the opposite incision. A surgeon observes his actions in the thoracic cavity using a thoracoscope. Then, a steel bar, previously bent to suit the patient, is pulled through the pathway. At this time, if the position of the bar is correct, the surgeon can slowly elevate the bar to loosen the cartilage connections to the inner thorax. After this step, the concave bar is then flipped convex, so that the arch elevates and supports the sternum in a normal position. The bar is then sutured into place, often with the addition of a stabilizer to prevent movement. In some cases when PE is severe or when a patient is an adult, a second and even a third bar may be inserted. After a period of at least two years, the bar is removed, resulting in a largely permanent result.
Apart from a physical improvement, positive psychological results are attributed to surgical correction 5, 6 because a normal shape of the chest is restored, reducing embarrassment, social anxiety and depression present in cases of a PE chest. 7 Although the Nuss procedure is routinely performed, the outcome depends mostly on the correct placement of the bar. Additionally, a surgeon who is not proficient with the procedure needs to master creation of the pathway without puncturing the heart or lungs. Therefore, it would be beneficial if a surgeon had a chance to review possible strategies for placement of the bar and the associated appearance of the chest and learn to manipulate the introducer and thoracoscope to decrease the risk of an unsuccessful procedure.
Therefore, we propose the development of a Nuss procedure surgical planner, taking into account the biomechanical properties of the PE ribcage, emerging trends in surgical planners, deformable models and visualization techniques.
Related work
San Vincente et al. 8 developed a maxillofacial surgery simulator that is capable of predicting a patient's facial appearance after surgery. Maxillo-craniofacial surgical planners are especially important, since similar to the Nuss procedure, a positive aesthetic outcome is crucial for a successful surgery. The authors populated the parameters of a mass spring model (MSM) by linearizing a stiffness matrix to match the matrix in the corresponding linear elastic finite element model (FEM). Simulation of the surgery took 4.5 minutes excluding off-line computations of the stiffness matrix. Validation, which compared simulation outcomes with actual results of the surgery, showed good performance of the proposed system. This solution, being a valid alternative to FEM, still does not provide a realtime application. 8 In contrast to the approach in San Vincente et al., 8 Obaidellah et al. 9 proposed a human facial model that predicted outcomes after orthognathic surgery based on FEM rather than MSM. The prediction of the postoperative facial appearance was done by moving the lower jaw bone which changes the facial skin surface when contact occurs between the two distinct tissue materials. Osteotomy was simulated including mandibular bone cuts and repositioning of the sliced bone to a forward position aligned to the upper jaw. 9 The authors created the postoperative appearance of the patient and for validation compared it with the actual postsurgical skin surface using a color map in order to represent the distance between them. This dramatically illustrated the difference between the predicted and actual outcomes. We utilize a similar approach discussed later for our validation.
A real-time solution was proposed by Berkley et al.
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For real-time simulations, tool-tissue contact becomes an issue. Typically, contact between tissue and a tool has to occur at the nodes. Otherwise, ''jumps'' of the tool to the nearest node may be visible if the resolution of the FEM is not sufficient, but increasing the resolution increases the time needed for the calculations. Therefore, the authors proposed a constraints approach that allows contact to occur anywhere on the model. It requires a modification of the typical FEM system description by adding a matrix that incorporates interpolating functions for cases when contact between a tool and an object does not occur at a node. The method described above was implemented into a suturing simulator. The FEM of a hand containing 863 nodes with rendering frequency 30 Hz was simulated. Precomputations of the stiffness matrix took 4.15 minutes on a 1 GHz processor. Although this was achieved in realtime, this approach is not valid for procedures where mesh alteration is required. Advances in the development of surgical planners in different areas did not translate to a simulation of PE treatment. To date, neither a surgical trainer nor a surgical planner of the Nuss procedure has been introduced. However, there have been studies that simulate the procedure in order to study behavior, biomechanical stability and stress distribution of the ribcage. [11] [12] [13] [14] [15] Nagasao et al. 11 tried to confirm the existence of a difference between children and adults who underwent the Nuss procedure with regards to stress distributions which may lead to pain. The authors used computed tomography (CT) scans collected from 18 subjects with PE to extract information about the geometry of each thorax. However, typically segmented thoraces did not include enough information for direct use in analysis. On that basis, computer assisted design (CAD) models were produced where the ribcage was modeled as beam elements.
Chang et al. 12 performed a similar study on three patients approximately 7 years old, observing stress and strain patterns in FEM.
Wei et al. 15 simulated the Nuss procedure to identify the most optimal location for the titanium pectus bar and questioned the general practice of placing the bar at the end of the depressed sternum. To verify their statements, the authors created a FEM based on 227 CT images of a boy's ribcage.
An interesting trend in a virtual object animation was triggered by a need for generating interactions between ''actors'' or ''agents'' in real-time in a virtual environment. It was stated in Ridsdale 16 that when animating a human body, only simple behavior could be encoded into the simulation in order to maintain real-time performance. A neural network was employed to ''observe'' and ''learn'' new skills and then supplement the basic nodes of behavior. This idea was extended to a question of whether or not it is necessary to map exactly future state variable values of an animated system based on the current inputs or it is sufficient to only approximate it to a degree of precision needed to preserve authenticity of the resulting animation to the simulated dynamics of the physical model. 17 Despite the increasing computational power of modern computers, solving FEM for realistic animation purposes still poses as a difficult task. Recently, an artificial neural network (ANN) was employed to approximate the forcedisplacement model 18, 19 using a commercially available simulation engine. The authors achieved real-time performance for several thousands of input nodes in the ANN.
A similar approach was applied in medical simulation. 20 To increase performance of the liver model, instead of obtaining deformations upon forces acting on the model, the ANN produced the main modes of deformation previously obtained by applying principal component analysis (PCA).
3. Design and methodology 3.1. Nuss procedure core system design Our Nuss procedure surgical planner 21 is based on a FEM of the PE ribcage ( Figure 2 ). However, since FEM does not ensure real-time performance, it cannot be directly implemented in the system. 8, 9 . Therefore, we propose approximation of the FEM using a black box approach.
Generic model of the ribcage
To start this process, we have collected a number of CT data sets documenting PE cases prior to the surgery. However, when PE ribcages are segmented, we experienced a problem of missing elements corresponding to the cartilage as reported in Nagasao et al. 11 and Chang et al. 12 Therefore, we decided to develop a parametric model of the ribcage ( Figure 3 ) that can be deformed based upon individual patient parameters obtained from CT slices to fit the PE ribcage. Since there are multiple types of PE deformations, only CT data belonging to patients with the broad symmetric ''saucer'' type of PE was used. This type is less common than the more localized ''cup'' type but more complete datasets were present in the hospital database for patient with the ''saucer'' type.
The patient-specific deformation of the sternum is articulated with ''bone'' system animation. In the ribcage model, only the upper bone has envelopes influencing vertices. The last bone is needed as the end-effector in the kinematic chain. The first bone influences the sternum between the second and the third costal cartilage with weights from 0.3 to 1 and the remaining part of the sternum is affected with weights equal to 1.
While the bones are responsible for patient-specific deformation, the shape of the ribcage is controlled by nonuniform scaling in the x, y and z-axes. Width and depth of the ribcage is measured on a CT slice approximately at the point of the largest depression, i.e. where the sternum reaches the largest distance from the normal position ( Figure 4 ).
Height of the ribcage is based on the length of the sternum. This is calculated by registering the CT slices where the beginning and the end of the sternum can be observed. Knowing the distance between slices, the overall length of the sternum can be then calculated.
Once the parameters are read, they can be applied in a convenient way through the ribcage modeler to the generic ribcage modeler ( Figure 5 ).
An example of the patient-specific model is shown in Figure 6 . His ribcage width, sternal length, depth and depth of the deformity were 232, 175, 126 and 14 mm, respectively. All of the remaining models were created in the same manner.
Finite element model of the patient-specific ribcage
The FEM used for training of the ANN was derived from the shell model of the generic ribcage where the geometrical model of the ribcage was initially meshed using twodimensional (2D) triangular elements creating a regular mesh. This step was meant to ensure that the number of vertices in the mesh of the geometric model was preserved between the modeling and the finite element analysis (FEA) software. In the next step, based on the 2D elements, a tetramesh was created. Pointedly, the surface mesh remained unchanged and consisted of 10,348 nodes and 20,708 triangular 2D elements. For training purposes, this number can be decreased by removing nodes belonging to the ribs since they do not displace significantly and they can be recreated statically in the virtual reality (VR) environment. In this way, the number of nodes was reduced by 65%.
There are three components in the FEM of the ribcage that had to be distinguished as follows: the ribs, cartilage and sternum. Therefore, the FEM was split into three parts based on the material properties ( Figure 7) .
The mechanical properties of the components of the FEM of the ribcage are listed in Table 1 . There is a consensus in the field as far as the properties of the sternum and ribs are concerned. However, the mechanical properties of cartilage vary, depending on the source, and finding them in vivo is still one of the most important goals of biomechanical studies related to PE. Note that FEA requires the mechanical properties of the tissue being modeled. Since there is no agreement concerning the material properties related to PE cartilage, the most reasonable alternative is to use values suggested in Change et al., 12 Gzik-Zroska et al., 13 Wei Yan-bin et al. 15 and Feng et al. 22 For the purpose of this study, cartilage is assumed to be isotropic elastic with E = 20 MPa and ν = 0.4. The next step in preparing the template for creating realistic corrections to be used as training data for the ANN is the definition of the boundary conditions and forces. The boundary conditions -constrained movements in all axes and all three rotations -were applied at the end of all ribs. There are three variants for the location of the force. Each force takes the following values: 50, 70, 100, 200, 400, 800, 1500 and 2000 N. This results in 24 load cases and 1488 training vectors taking into account 62 subjects that resulted in the output data containing displacements of all nodes for each load case.
Creating a model relating force and displacement
Since the real-time application of FEMs is very demanding computationally, this research proposes to create a mathematical model which would memorize the displacement data from the FEM simulation. The generalization ability of an ANN can be beneficial in this case. Despite focusing on solids in the FEM simulation stage, for visualization purposes, it is only necessary to extract the surface nodes. The rest is not visible, thus, irrelevant. A crucial problem when using ANNs is the appropriate preparation of the training data. Here, the most reasonable approach is to present the input vector containing x, y and z coordinates of the n surface nodes belonging to the deformed ribcage, k parameters characterizing the ribcage geometry, coordinates of the force contact point and its magnitude simulating interaction between the pectus bar and the sternum. Overall, this results in 3n + k + 4 neurons in the input layer (Figure 8) .
Given the following input data: the discretized model of the ribcage, location and magnitude of forces simulating placement of the pectus bar, the FEM simulation results in a set of displacements of the vertices belonging to the ribcage model similarly to the characteristics of the Nuss procedure. These displacements are used as the target output of the ANN. Therefore, the number of neurons in the output layer should be equal to 3n-the number of the surface node coordinates. The data set was randomly divided into training, testing and validation sets in a split-sample testing process.
The validation set is a set of examples used to find the best ANN configuration and to determine the optimal Figure 7 . Generic FEM of the non-PE ribcage: ribs (dark gray), costal cartilage (light gray), sternum (white). number of hidden neurons. This set is used to choose between multiple trained networks and can be used for stopping the training process ensuring that the ANN is optimistically biased, having been exposed to the data. A special emphasis has to be placed on the determination of an appropriate number of hidden layers and neurons in those layers. To provide good mapping, in this study, the objective was to maintain one hidden layer. Additionally, the number of neurons in the hidden layer was empirically established by retraining the back propagation ANN (BPANN) with a varying number of nodes.
The network characterized by the lowest validation error was used. Summarizing, the model relating displacements to the force applied was based on the parameters of the fully trained BPANN. The overall workflow in this stage is presented in Figure 9 .
Verification and validation
The evaluation will be performed by experienced surgeons from the pectus clinic at the Children's Hospital of the King's Daughters (CHKD), who have been practicing the Nuss procedure on a daily basis. They will be consulted intermittently in order to ensure an optimal solution.
Validation of the system may be performed by testing the planner with previously operated cases. A user would recreate a scenario, i.e. the ribcage geometry and location of the bar, and compare a simulated outcome with the actual result. In this way, different cases can be studied in order to prove that the planner solution accomplishes its intended requirements.
To verify the methodology, we collected threedimensional (3D) surface scans of the chest from subjects with uncorrected PE prior to the Nuss procedure scheduled to be performed at the CHKD and again after the surgery.
A comparison between each pair of scans was performed using the displacement map projected on the surface scan obtained prior to surgery. A scaling factor was applied to compensate for the growth of the patients between scans. Point-to-point comparison was chosen due to its computational efficiency. For every point in the pre-surgery scan the displacement was calculated as the distance to the nearest point in the post-surgery scan.
Surgical trainer
As stated by the surgeons from the CHKD, the largest risk and concern during the procedure is related to making a pathway for the bar using a surgical tool called an introducer as the heart can be punctured. Therefore, an emphasis is placed on mastering this skill during training. Additionally, the location of an entrance into the chest cavity is crucial and an incorrect choice can lead to displacement of the bar over time or suboptimal results, such as insufficient correction or overcorrection of the deformity. We leveraged the core model design of the surgical planner to create a Nuss procedure surgical trainer that would address these issues (Figure 10 ).
In the simulator mode, the surgeon makes a pathway by manipulating a haptic device which transfers those movements to the virtual model of the introducer. At the same time, force feedback is provided to increase the realism of the simulation. Additionally, the surgeon manipulates the thoracoscope which provides a view into the chest cavity. After the pathway is done, the surgeon iteratively alters the position of the bar underneath the sternum. Real-time changes in geometry of the ribcage affect the external shape of the chest, which is one of the main goals of the Nuss procedure. The predicted shape is compared with an average-shaped chest in order to objectively assess the aesthetic outcome and the overall improvement.
An example of a patient-specific implementation in Virtools, a commercially available simulation engine, is shown in Figure 11 . It shows the thoracoscope in the form of an elongated cylinder, transparent skin, heart and lungs. The thoracoscope view is accomplished by showing the view from a virtual camera that is attached to the virtual object simulating the thoracoscope. Movements of the physical object which can be controlled by a surgeon are tracked so it can be represented in the simulation. Three sizes of the introducers have been modeled based on the actual tools.
A custom made aluminum frame ( Figure 12 ) serves as the base for the remaining hardware which includes a Phantom 6 DOF (Geomagic, Rock Hill, USA), a 3D television/monitor and a semitransparent mirror.
Results

Average shape
Using methodology described by us, Rechowicz et al., 23 we have developed, based on a sample of normal subjects' surface scans, an average shape of the middle part of the chest. Figure 13 shows two cases where the actual outcome of the surgery has been evaluated using the average shape. Based on differences between the two shapes (presented as the color map), it is possible to quantify the results. The same approach is used for the evaluation of the outcome of the planning process.
Finite element model of the ribcage
For each patient, FEA took 3 minutes on an Intel Core2 Quad 2.5 GHz computer with 8 GB of RAM. Figure 14 shows the geometric and FEM for a patient characterizing the deepest depression of 40 mm. In addition, this ribcage shape type is called ''barrel'' shape and characterized by a smaller width to depth ratio. As reported by surgeons from CHKD, the strategy for the bar placement changes based on the type of ribcage. After applying measurements taken from CT slices to the generic model of the ribcage, it was converted to a FEM and FEA was performed using load cases as defined earlier. Forces smaller than 100 N do not ensure high displacement in the cases of a deep depression (Figure 15(a) ). Significant deformations start being observed when higher forces of 400-800 N are applied (Figure 15(b) ). The sternum reaches the correct position when forces of 1500-2000 N are applied (Figure 15(c) ).
It should be mentioned that 2000 N is the largest force needed to bring the sternum back to the correct position since the maximum depth of the depressions in the dataset is 40 mm. Since the model is linear, to lift the sternum by 20 mm, approximately 1000 N needs to be applied. Furthermore, it can be seen that the ribs are also affected by lifting the sternum. This is in agreement with the previous studies 11 reporting transfer of stresses to the spine area. The magnitude of this phenomenon changes according to the stiffness of the cartilage. Forces that need to be applied to the sternum are material property dependent. As discussed earlier, mechanical properties of the costal cartilage are not fully known and the reported values differ at least by two orders of magnitude. However, resultant forces from this simulation can be scaled to match patientspecific tissue properties once known.
Force-displacement model approximation
An ANN was trained using the back propagation method. In order to choose the appropriate structure, i.e. the number of neurons in the hidden layer, multiple ANNs were trained and the number of neurons in the hidden layer was iteratively changed. For each iteration, the measure of performance, mean square error (MSE), was evaluated. The ANN with 20 neurons in the hidden layer was chosen and retrained. Training was stopped after 63 iterations with the best validation performance, MSE of approximately 0.01. The error reaches steady state after the 23 epochs and steadily decreases. The majority of errors were around 0.00324 ( Figure 16 ). Such a good fitting was probably because the patients overall did not differ significantly and there was not a lot of variability in the parameters set. This may not be the case if the torsion values were utilized. In order to assess patient specificity, the model deformation was compared with the patient's deformation. Out of 62 symmetric saucer shapes for which CT data was collected, only two pre-operative surface scans were present. The more extreme case of the two was used for comparison. Figure 17(a) shows the actual surface of the chest merged with the patient-specific ribcage. When the relative skin model derived from the average chest shape is compared to the surface scan it shows a maximum difference of 5 mm (Figure 17(b) ).
To test the performance of the model, a force was applied to the sternum of the model representing the ribcage of the same patient at different locations and with varying magnitude. Values for those variables were not presented to the ANN during training. In the next step, the patient-specific finite element (FE) displacement and ANN approximation were compared. Since they are two different types of models in different formats, they needed to be reformatted and collocated. This is a slow manual process; therefore, the same data belonging to the extreme patient was utilized. In the first case, the force was applied to the node which is located on the midline of the sternum between the first and second force position used for training. The magnitude of the load was varied from 300, 1000 and 1700 N.
It can be seen that for F=300 N the sternum has been lifted more than the actual result of the FEA ( Figure  18(a) ). Around the location of the xyphoid process the difference is 3 mm and this decreases as the sternal notch is approached. For F=1000 N, the results are quite the opposite. The approximation shows the sternum lifted less, by 2 mm, than was suggested by the FEA (Figure 18(b) ). This discrepancy may come from the fact that during the training process F=1000 N was within the widest interval (800, 1500). A similar difference can be observed in the case of F=1700 N (Figure 18(c) ). This force level lifted the sternum the most, almost to the undeformed level.
The largest difference between the actual FEA and force-displacement results is in the region corresponding to the cartilage and the sternum as it is where the largest changes in the ribcage geometry occur, hence higher approximation errors. Since the ANN generalizes the input data, these errors can be minimized but cannot be fully eliminated. Taking into account characteristics of the Nuss procedure, those differences are within the acceptable range. 
Validation
Validation is performed by comparing the simulated shape of the chest and the corresponding postsurgical surface scan (Figure 19(a) ). Based on the postsurgical x-ray ( Figure 19(b) ), the bar is in contact with the sternum almost at its end. Although the sternum cannot be clearly seen in this modality, it was possible to establish the bar position using the back ribs. This information was applied to the model in order to simulate that actual Nuss procedure. However, information about the force magnitude was not known. From previous results, it is known that the force needed to bring the sternum back to the correct position is between 1500 and 2000 N. Since the force magnitude needed to bring the sternum back to the correct position decreases as it approaches the end of the sternum, the force applied was equal to 1500 N.
When the postsurgical surface scan was compared with the simulated skin shape, the maximum difference between the two shapes was 13 mm (Figure 20) . However, in the middle of the chest the difference was 7 mm. This value can result from the concavity in the middle of the patient's chest, probably created by the muscle structure.
Accuracy of the validation process can also be influenced by the fact that there is a discrepancy between the time when the CT data, x-ray and surface scans were taken. In extreme cases, 2-3 years can pass from taking CT and surface scans. Patients, especially those that are younger, can grow significantly during such a time period.
Before this approach can be used in the clinical setting more validation has to be performed taking into account different types of PE deformity and chest shape (i.e. saucer vs. cup deformity and oval vs. barrel chest shape). Additionally, a more extensive validation process requires postsurgical CT data or surface scan information which is not typically available.
Evaluation of the outcome
An average shape is used to evaluate the outcome of the surgery based on two scenarios. In the first scenario, the pectus bar comes in contact with the sternum at a node which is closer to the xyphoid process, and 1700 N is applied to the sternum. The second scenario assumes that the bar is located 20 mm further from the first location toward the beginning of the sternum. The same force of F=1700 N is applied to the back of the sternum. When both results are presented in the same scale derived from the worst case scenario (Figure 21) , it can be seen that the first scenario results in significantly better results, which suggests the choice of the best plan for the surgery.
Real-time deformations based on the force-deflection model
The force-deflection model was implemented in Virtools. The force remained unchanged. There are two locationsnode closer to the xyphoid and node 20 mm closer to the sternal notch -and three options for the magnitude: 300, 1000 and 1700 N. In addition to the ribcage, the skin model is deformed. To test the real-time performance, location and magnitude changed iteratively with each simulation time step. Figure 22 shows the deformation for the force located at the node which is closer to the end of the sternum. During the simulation the refresh rate was varying and in some cases was decreasing to approximately 20 Hz occasionally rising to approximately 30 Hz. These results show that it is possible to obtain real-time performance based on the approximation of the force-displacement model. However, the number of vertices in the model plays a crucial role affecting the performance.
Two scenarios, where the same force at different locations was applied, one showing a near optimal result and one showing a suboptimal result, were compared. These results illustrate the range and flexibility of the simulator to serve both as a planner and a trainer for the Nuss procedure.
Discussion
The development of the force-deflection model was initiated with the creation of a generic model of the ribcage that is deformed based upon patient-specific parameters. This generic model results in an approximation of the patient's ribcage.
Each patient-specific model was converted to a FEM, and FEA was performed according to the Nuss procedure characteristics. Force-deflection data was used to train an ANN. Results showed that the network can be generalized and given new locations and magnitudes of the pectus bar forces. However, these good results may be coming from the small variability in the dataset. Patient-specific deformations were simplified by neglecting sternal torsion. In this way, the problem was reduced to the application of an appropriate scaling to the ribcage and the amount of sternum depression. Comparison of the patient-specific FE displacement and ANN approximation was performed by reformatting and collocating two types of models which is a slow and manual process. Automatic error calculation is needed in the future. Another drawback of this method is the time needed to train an ANN. As the number of nodes increases so does the training time. Therefore, a hybrid model may be investigated in the future. Force-deflection data from the FEA stage could be used to create an approximation of the relationship between load and displacement only for a small set of control points governing deformation of a geometric model similar to how deformations are currently applied to the generic model.
The validation methodology showed that it is possible to compare the simulated skin shape with the actual surface scan. However, due to patient growth between taking the pre-surgical CT and the postsurgical surface scan, a scaling factor may need to be applied. The validation process was performed on only one patient since only one of them had a complete dataset with the postsurgical information.
Comparison of the simulated chest shape with an average shape chest showed that this method could be used to evaluate scenarios for the pectus bar placement. Although, it may never be possible to obtain results exactly matching an average shape chest, two or more scenarios can be reviewed and compared, not only in terms of the location of the bar but as well as forces that need to be applied to obtain the desired shape.
The application of the approximation of the forcedeflection model to obtain real-time deformation showed that a 20-30 Hz refresh rate can be obtained. However, when more models like internal organs and external devices, such as collision detection, a haptic device and a tracker, are added a decrease in the refresh rate should be expected. Improvement in the performance could be achieved by utilizing less detailed models, i.e. described by a smaller amount of vertices.
Additionally, hardware setup components have been presented. The custom made aluminum frame serves as the base for the hardware. The system allows connecting compatible Phantom haptic devices to manipulate virtual tools, like introducers and the pectus bar, and several inertial or visual trackers to manipulate the virtual thoracoscope. A 3D television ensures that the simulation can be viewed in 3D.
Conclusions
The development and validation of a Nuss procedure planner is investigated in this paper, including the implementation and performance assessment of the key components of such a system. The main parts of this system are a force-deflection model for the sternum position prediction based on the location of a force which simulates the placement of the pectus bar, an average shape of the chest acting as the performance measure for both the real and virtual surgical outcome and capabilities of real-time performance of the model for training purposes. Additionally, hardware setup components and ports to implement external devices, like haptic devices and trackers, into the system were presented.
